The ring-forming molecular chaperone Hsp104/ClpB is a member of the AAA+ protein family which rescues proteins from aggregated states. The newly determined crystal structure of ClpB provides new insights into the mechanism of protein disaggregation, suggesting a crowbar activity mediated by a unique coiled-coil domain. Hsp104/ClpB belongs to the AAA+ protein superfamily, which includes the 'ATPase associated with a variety of cellular activities' (AAA) proteins and Clp/Hsp100 proteins [6]. These two protein classes exhibit considerable sequence homology in their 'AAA' domains, which are important for ATP hydrolysis and oligomerization. Generally, AAA+ proteins form ring-shaped homohexamers which drive the assembly and disassembly of macromolecular complexes by ATP-dependent remodelling of their substrates.
Somewhat surprisingly, for a long time it was not possible to reconstitute the remodelling activity of Hsp104/ClpB towards protein aggregates in vitro. A breakthrough was made by Glover and Lindquist [7] when they demonstrated that Hsp104 needs the assistance of an Hsp70 chaperone system to reverse protein aggregation. The disaggregation activity of this bichaperone system was subsequently also demonstrated for homologous molecular chaperones of the bacteria Escherichia coli and Thermus thermophilus [8] [9] [10] . Despite significant progress in understanding the role of the individual AAA domains and conserved motifs in Hsp104/ClpB oligomerization and ATP hydrolysis, the mechanism of the protein disaggregation reaction remained largely unknown.
The crystal structure has now been reported for ClpB of T. thermophilus, an important step in understanding how Hsp104/ClpB reverses protein disaggregation [11] . Each ClpB subunit is composed of four domains: an amino-terminal (N) domain; two AAA domains, AAA-1 and AAA-2; and a middle (M) domain ( Figure 1A ). The structure of ClpB in a complex with the non-hydrolysable ATP analog AMPPNP was solved with three independent representations of the ClpB monomer in the asymmetric unit of the crystal. As the ClpB molecules were arranged in an atypical helical assembly in the crystal, single-particle reconstitution of ClpB by cryo-electron microscopy was used to model a hexameric ClpB assembly.
The data show that ClpB hexamer has a two-tiered ring structure, with a diameter of 140-150 Å and a height of 90 Å ( Figure 1C) . The structure and overall topology of the AAA domains of ClpB is similar to that of E. coli ClpA and other AAA+ proteins [12] . The AAA domains are oriented in a head-to-tail arrangement, and AAA-1 is located directly above AAA-2 of the same subunit in the hexameric model ( Figure 1C) . AMPPNP binds between adjacent subunits and a conserved arginine residue -the 'arginine finger' -contacts the γ γ-phosphate from a neighboring subunit in AAA-1, providing a structural basis for the observed cooperativity in ATP hydrolysis [13] .
A major new insight from the ClpB structure [11] is the inherent flexibility of the chaperone. The AAA domains are connected via a short helix which may act as hinge, allowing large movements of the AAA domains during the nucleotide cycle. The importance of M domain mobility for ClpBdependent protein disaggregation was tested by introducing disulfide bridges [11] . These disulfide bridges restricted the motion of the M domain under non-reducing conditions by attaching the coiled-coil structure to the AAA-1 domain. Immobilization of the M domain inactivated ClpB, without affecting ClpB oligomerization or ATPase activity. Restoring M domain motion by addition of dithiothreitol to reduce and thus break the disulfide bridges also re-established protein disaggregation, demonstrating a direct correlation between coiled-coil mobility and ClpB activity.
On the basis of these observations, the M domain is proposed to act as a molecular crowbar which enables Hsp104/ClpB to convert larger protein aggregates into smaller ones (Figure 2A) . Multiple contacts between the M domains and exposed peptide segments on the aggregate surface may also ensure specificity of Hsp104/ClpB towards aggregated proteins. But direct evidence for such interactions and for the proposed crowbar mechanism of splitting large aggregates into smaller ones is still needed. Hsp104/ClpB-mediated changes in the aggregate structure might be rather transient in the absence of other chaperone systems, such as Hsp70/DnaK, and so difficult to detect.
An additional component of ClpB's disaggregation activity might be related to the way peptidase-associated AAA+ proteins are known to function in unfolding and translocating protein substrates. Analysis of crystal structures of the HslUV protease provided insights into which regions of the AAA+ subunit are likely to be involved in the unfolding and translocation process. The conserved tyrosine 91 residues that line the central pore of the HslU hexamer are crucial for substrate degradation and exhibit an apparent conformational flexibility [16, 17] . As the positioning of such aromatic residues at the central pore is conserved in many AAA+ proteins, it has been suggested that they act as molecular clamps by binding and releasing substrates in a nucleotide-dependent manner [16] . Such a mechanism would directly couple substrate translocation to substrate unfolding. The corresponding aromatic residues and their relative positions are also conserved in both AAA domains of Hsp104/ClpB proteins. Notably, these residues appear to be located on mobile segments, as the corresponding regions could not be resolved in the ClpB crystal structure [11] . The role of these residues in Hsp104/ClpB-mediated protein disaggregation still needs to be investigated.
The diameter of the central pore of oligomeric ClpB, 16 Å, is sufficient to allow the translocation of a peptide stretch, or even a loop segment, of a substrate polypeptide into the central cavity of the ring structure. The ClpAP protease contains the AAA+ protein ClpA, which exhibits high structural similarity to ClpB (except in the M domain), and its ability to degrade aggregated proteins in vitro implies that protein disaggregation could, in principal, be achieved by a translocation-only mechanism [18] . Future work is required to test more directly the proposed crowbar and translocation activities of ClpB and to clarify whether these activities function sequentially or simultaneously.
The role of the Hsp70/DnaK chaperone systems in Hsp104/ClpB-mediated protein disaggregation is still unclear. Hsp70/DnaK can solubilize small aggregates without Hsp104/ClpB, and so may act on small aggregates generated by the postulated crowbar activity of ClpB (Figure 2A) [7, 19] . But as the Hsp70/DnaKmediated solubilization of small aggregates is still stimulated by Hsp104/ClpB, such a model cannot completely explain the cooperativity of the two molecular chaperones. Furthermore, the observed species specificity of Hsp104/Hsp70 and ClpB/DnaK cooperativity suggests that the AAA+ and Hsp70 partner proteins physically interact, and that an Hsp104-Hsp70 (ClpB-DnaK) complex is the active species in protein Current Biology R79 
